Winter hardiness is important for the adaptation of wheat to the harsh winter conditions in temperate regions and is thus also an important breeding goal. Here, we employed a panel of 407 European winter wheat cultivars to dissect the genetic architecture of winter hardiness. We show that copy number variation (CNV) of CBF (C-repeat Binding Factor) genes at the Fr-A2 locus is the essential component for winter survival, with CBF-A14 CNV being the most likely causal polymorphism, accounting for 24.3% of the genotypic variance. Genome-wide association mapping identified several markers in the Fr-A2 chromosomal region, which even after accounting for the effects of CBF-A14 copy number explained approximately 15% of the genotypic variance. This suggests that additional, as yet undiscovered, polymorphisms are present at the Fr-A2 locus. Furthermore, CNV of Vrn-A1 explained an additional 3.0% of the genotypic variance. The allele frequencies of all loci associated with winter hardiness were found to show geographic patterns consistent with their role in adaptation. Collectively, our results from the candidate gene analysis, association mapping and genome-wide prediction show that winter hardiness in wheat is a quantitative trait, but with a major contribution of the Fr-A2 locus.
INTRODUCTION
An advantage of autumn-sown wheat, as compared with the spring type, is the higher yield that can be realized by extending the growth period. A prerequisite, however, is that these winter growth types possess a sufficient level of winter hardiness in order to survive the harsh conditions during winter in temperate regions. This winter hardiness is affected by different factors, including frost tolerance, anoxia, desiccation, and disease resistance (Galiba et al., 2009) . Of these, frost tolerance, i.e. the ability to survive freezing temperatures, especially in the absence of a protective snow coverage, is considered as a major factor limiting cultivation of winter wheat. Owing to the high economic importance, winter hardiness and frost tolerance in particular, have been intensively studied in the past decades. This revealed a complex genetic regulation (Galiba et al., 2009) and breeding for winter hardiness is further hindered by the variable occurrence of this type of abiotic stress across locations and years.
Experiments in diploid and polyploid wheat have identified two major loci affecting frost tolerance, both located on chromosome 5. Frost Resistance-1 (Fr-1) maps close to the vernalization requirement gene Vernalization-1 (Vrn-1) and is nowadays assumed to be a pleiotropic effect of this gene. This illustrates that genes involved in the regulation of developmental processes can also affect winter hardiness, as the earlier initiation of flowering results in the formation of reproductive meristems which are more susceptible to low temperatures. Vrn-1 encodes a MADS box transcription factor similar to the Arabidopsis APE-TALA1, and its expression is upregulated during vernalization. Different recessive vrn-A1 winter alleles have been identified, including a C/T SNP in the fourth exon, that may be associated with frost tolerance (Eagles et al., 2011) . Vrn-A1 has recently also been shown to exist in different copy numbers, where the higher copy number variants confer an increased vernalization requirement (D ıaz et al., 2012; W€ urschum et al., 2015a) . The second locus, Fr-2, maps approximately 30 cM proximal to Vrn-1 and has been shown to consist of a cluster of eleven CBF (C-repeat Binding Factor) genes that are upregulated by low temperatures (V ag ujfalvi et al., 2005; Miller et al., 2006) . For Fr-A2 a number of completely linked polymorphisms within the CBF-A12 and CBF-A15 genes, distinguished as frost susceptible 'S' and tolerant 'T' haplotype, have recently been shown to be associated with frost tolerance in wheat (Zhu et al., 2014) . In addition, Zhu et al. (2014) reported copy number variation (CNV) for all three genes in the central cluster, i.e. CBF-A12, CBF-A14 and CBF-A15. A key component appears to be differences in CBF-A14 copy number, which were found to be associated with the two haplotypes and are also the likely cause for the significantly higher expression levels of CBF-A14 in plants carrying the 'T' haplotype. The importance of CNV at this locus was also shown in durum wheat, in which the Fr-A2 locus explained approximately 90% of the genotypic variation of frost tolerance (Sieber et al., 2016) . For the Fr-B2 locus, a deletion encompassing all eleven genes was recently shown to be characteristic for hexaploid wheat, and to result in a significant reduction in frost tolerance compared to the wild-type Fr-B2 locus without deletion (Pearce et al., 2013) . This deletion was found to be approximately tenfold more abundant in spring than in winter wheat varieties.
A potential limitation of the above-mentioned studies is the rather low number of investigated genotypes, which hindered a quantitative genetic assessment of the factors contributing to winter hardiness and frost tolerance. In the current study, we therefore investigated the genetic control of winter hardiness in a panel of 407 diverse European winter wheat varieties that were phenotyped for winter hardiness and genotyped with genome-wide markers and additional candidate gene markers. An association scan identified a major QTL on chromosome 5A that corresponds to Fr-A2 and is likely caused by CNV of CBF-A14 at this locus. However, our results also suggest additional polymorphisms at Fr-A2 contributing to variation in winter hardiness and show a smaller contribution of CNV at Vrn-A1 to winter hardiness in hexaploid winter wheat. Alleles at both loci show geographic patterns, consistent with the different climatic requirements within Europe. Furthermore, a genome-wide prediction approach suggests the contribution of numerous small-effect QTL to the genetic architecture of winter hardiness, illustrating its quantitative nature and the potential of genomics-assisted breeding for the improvement of this important trait.
RESULTS

Phenotypic assessment of winter hardiness
The panel of 407 European winter wheat varieties was grown in the field in 2011/2012. This season was characterized by the occurrence of very low temperatures without snow coverage of the plants ( Figure S1a ). The plants were scored for their appearance at the beginning and at the end of winter and winter hardiness was defined as the worsening of the plants' appearance during winter derived as the difference between the two scores. Thus, low values indicate no or only little change during winter and consequently a high winter hardiness. The observed values ranged from 0.0 to 5.3 with a mean of 2.6 (Table S1 and Figure S1b ). The distribution was skewed towards low values and appeared slightly bimodal with peaks at around 0 and 4. The genotypic variance was significantly different from zero (r 2 G = 2.9, P < 0.01) and the heritability was high with 0.82.
Candidate genes and CNV at the Fr-A2 locus For association mapping, the panel was genotyped by a genotyping-by-sequencing approach yielding 23 371 markers with known map position (Li et al., 2015) . In addition, the plants were genotyped for known polymorphisms at candidate loci. The four loci involved in wheat phenology, Rht-B1, Rht-D1, Ppd-B1 CNV, and Ppd-D1, were all segregating in the population, but were not significantly associated with winter hardiness (Table S2 ). For Vrn-A1, 401 genotypes were found to carry the winter allele and for vrn-A1, 359 carried the K allele (vrn-A1b) and 48 the J allele (vrn-A1a). For CNV at Vrn-A1, 20 plants were found to have one copy, 179 plants had two copies and 208 genotypes had three copies ( Figure S2a ). The 11-gene deletion at the Fr-B2 locus associated with reduced frost tolerance in wheat was observed in only five of the lines, while 402 carried the wild-type allele without deletion. The marker distinguishing the frost susceptible 'S' and tolerant 'T' haplotypes at the Fr-A2 locus revealed that 208 of the genotypes carried the susceptible and 199 the frost tolerant haplotype. CNV at the Fr-A2 locus was assessed for the CBF-A12, CBF-A14 and CBF-A15 genes ( Figure 1a) . The density distribution of the target gene to TaCO2 signal ratio, illustrated by the violin plots, showed three groups of copy number variants for CBF-A14. By contrast, this grouping was not as clear for CBF-A12 and CBF-A15. For CBF-A15 a group of lines with higher signal ratios was separated from the rest, while for CBF-A12 a group with lower signal ratios was discernible and the higher signal ratios showed a trend towards two groups. The analysis of these signal ratios separately in the Fr-A2 'S' and 'T' haplotypes revealed that lines carrying the frost tolerant 'T' haplotype had the intermediate or high signal ratio of CBF-A14, whereas lines with the 'S' haplotype mainly had signal ratios from the lowest group. A similar trend of higher signal ratios in the 'T' haplotype was observed for CBF-A15. Conversely, for CBF-A12 there was a certain trend towards lower signal ratios in the 'T' haplotype group, as these plants were mainly from the lowest signal ratio class with only some in the intermediate group but none with the highest signal ratios. We consistently observed a negative correlation between the signal ratios for CNV at CBF-A14 and CBF-A12 (r = À0.28**), while CBF-A14 and CBF-A15 were highly positive correlated (r = 0.78**) (Figures 1b and  S3 ). When classified into groups according to their signal ratio, CBF-A14 and CBF-A15 showed a higher winter hardiness, i.e. less winter damage, with higher signal ratios that correspond to increased copy numbers of these genes (Figure 1c) . For CBF-A12 by contrast, the plants with the highest signal ratio had the strongest winter damage. We also evaluated the ratio between CNV of CBF-A14 and CBF-A12 but found this to be less strongly associated with winter hardiness (P = 0.13) than CBF-A14 CNV and also to explain less of the genotypic variance.
Identification of QTL by genome-wide association mapping
The genome-wide association mapping identified 10 significantly associated markers, 7 of which were located on chromosome 5A ( Figure S4a ). As both Vrn-A1 and Fr-A2 are located on chromosome 5A, we determined the most likely position of these loci on the employed DArTseq GBS (genotyping-by-sequencing) map developed by Li et al. (2015) , by assessing their correlations with the mapped markers ( Figure S4b ). This revealed that Vrn-A1 is located at approximately 170 cM and Fr-A2 at 111.7 cM. In order to evaluate the proportion of genotypic variance explained by the QTL, the significantly associated markers and the candidate genes were simultaneously fitted in a linear model. This joint fit in the model also enabled a correction for collinearity and showed the total proportion of genotypic variance explained by the candidate genes and the detected QTL to be 45.1%. This analysis revealed that CNV of CBF-A14 explained by far the highest proportion of genotypic variance with 24.3% and had an allele substitution effect of À1.2 (Table 1 ). In the presence of CBF-A14 in the model, both CBF-A12 and CBF-A15 did not explain any variance. As CBF-A14 had a lower P value and when modelled separately also explained a much higher proportion of genotypic variance than CBF-A15 (25.8% versus 14.3%), CNV of CBF-A14 is the most likely causative polymorphism of the three. Likewise, four of the six significantly associated markers in the Fr-A2 region did not explain any substantial proportion of genotypic variance in the presence of CBF-A14. Interestingly, marker D2326786 did explain 10.2% of the genotypic variance and had an allele substitution effect of À0.8. This marker is in strong LD (linkage disequilibrium) with the two markers S1051014 (r 2 = 0.98) and D1063558 (r 2 = 0.79), which consequently explain no variance in the presence of D2326786. Likewise, marker D983633 explained 5.1% of the genotypic variance, despite CBF-A14 CNV being modelled first. The allele substitution effect of this marker was 1.3. Of the candidate gene markers besides CBF-A14 CNV, only Vrn-A1 CNV was found to explain a certain proportion of the genotypic variance with 2.9% and a QTL effect of À1.2 ( Figure S2b ). The epistasis scan revealed several epistatic QTL, most of which made only small contributions to the genotypic variance (Figure S5 and Table S3 ).
Development of marker assays to capture CNV through haplotypes
Our results strongly suggest that several of the markers in the Fr-A2 region were identified due to their association with CBF-A14 copy number. However, a single biallelic marker cannot fully capture the variation of a multiallelic polymorphism. Consequently, marker S1862541 alone explained only 22.5% of the genotypic variance as compared with the 25.8% of CBF-A14 CNV. Consistently, this marker also explained only part of the variation (R 2 = 0.75) of the CBF-A14 CNV signal ratio. Two KASP markers recently established in durum wheat and as a haploblock targeting CNV at the Fr-A2 locus (Sieber et al., 2016 ) also failed to clearly separate the three CBF-A14 copy number variants ( Figure S6 ). We therefore screened for another marker that could complement S1862541 in explaining CNV at CBF-A14. This identified S1298957, which increased the R 2 value to 0.92. In order to utilize these two markers in science and breeding programs, we converted them into KASP markers ( Figure S7 ). As expected, neither of the two markers alone were able to separate the three copy number variants of CBF-A14 and we therefore combined them into a haploblock. The three haplotypes of this haploblock allowed accurate discrimination of the cultivars as belonging to one of the three CBF-A14 copy number variants (Figure 1d ). As observed for the different CBF-A14 signal ratios, the haplotypes showed clearly different winter hardiness ( Figure 1e ).
Analysis of geographic patterns of winter hardiness QTL alleles
We next analyzed the winter hardiness and the allele frequency of the candidate genes and the significantly associated markers, dependent on the country of origin of the varieties (Figure 2 ). This revealed a geographic trend, as the least winter hardy varieties were from Great Britain and France, whereas the lines with the highest winter hardiness originate from Poland. This geographic trend of observed winter hardiness was mirrored by the frequency of the alleles conferring winter hardiness. For example, varieties from Great Britain and France mainly had a low signal ratio for CBF-A14 CNV, whereas varieties from Poland tended to have the highest signal ratio. Likewise, for Vrn-A1 CNV, the three copy number variant was absent in genotypes from Great Britain, whereas it was the dominant variant in the Polish varieties. For marker D2326786 explaining the highest proportion of genotypic variance besides CBF-A14 CNV, the allele conferring winter hardiness was almost fixed in the Polish varieties, of intermediate frequency in the German varieties, and the minor allele in the French and British cultivars.
Assessment of genomic approaches to improve winter hardiness
Finally, we evaluated the potential of genomics-assisted approaches for the improvement of winter hardiness in winter wheat. For marker-assisted selection, we only considered QTL with more than 10% explained genotypic variance. To capture the variation of CBF-A14 CNV, we used the haploblock of markers S1862541 and S1298957. As for these two SNP markers, we also converted S1051014 into a KASP marker ( Figure S7 ), as this marker is highly correlated with D2326786 (r 2 = 0.98) and can also explain thẽ 10% genotypic variance at the Fr-A2 locus not accounted for by CBF-A14 CNV. This showed that plants combining the favourable haplotype and allele at S1051014 had the highest winter hardiness (Figure 3a) . The cross-validated prediction ability of marker-assisted selection based on these three KASP markers was 0.47 ( Figure 3b ). By contrast, the prediction ability of ridge-regression BLUP based on the genome-wide markers was 0.65, while a ridgeregression BLUP approach in which the three KASP markers were included as fixed effects yielded the highest prediction ability with 0.67. Using the latter approach yielded varying prediction accuracies for the prediction of winter hardiness among varieties with different country of origin ( Figure S8 ). 
DISCUSSION
Winter hardiness is an important agronomic trait of high economic importance, as severe winter conditions can result in substantial, even complete yield losses, thereby limiting the geographic distribution of crops in both hemispheres. The higher yield of winter growth types makes them attractive, but requires selection for increased winter hardiness to ensure the survival of the plants during winter. The objective of this study was to dissect the genetic architecture of winter hardiness in European winter wheat.
Phenotypic variation for winter hardiness
Despite its importance, the selection for winter hardiness strongly depends on the occurrence of the different types of abiotic stress contributing to winter damage, most importantly frost. Temperatures substantially below 0°C are harmful for the plants, especially in the absence of a protective snow coverage. The panel of 407 European winter wheat varieties was exposed to such conditions in a field trial, making these data well suited to study the genetics of winter hardiness in this panel. We observed a large range of winter damage of the cultivars ( Figure S1b ), illustrating the potential to improve this trait by breeding. The freezing temperatures experienced by the plants during winter suggest differences in frost tolerance as the major cause underlying the observed variation. This variation is in part attributable to the wide geographic sampling of the varieties from all over Europe, and thus from regions with quite different requirements regarding winter hardiness. Consequently, we found that the varieties from Poland had the highest winter hardiness while those from Great Britain and France had the lowest (Figure 2 ). This illustrates that breeding has already resulted in an adaptation of winter wheat to local climatic conditions. The distribution of the genotypic values was slightly bimodal, suggesting the contribution of a major QTL to the genetic architecture of winter hardiness in European winter wheat.
Genetic architecture of winter hardiness
The analysis of the candidate genes revealed that some of them are fixed in the investigated panel, likely a consequence of the panel containing only winter wheat and not both growth types. For example, for Fr-B2 only five of the 407 varieties (1.2%) were found to carry the eleven-gene deletion resulting in reduced frost tolerance. This is consistent with the results from Pearce et al. (2013) who found only one out of 49 winter wheats (2.0%) to carry this deletion. Thus, the wild-type allele seems to be an essential component for winter survival and is therefore almost fixed in winter wheat. Our analysis of Rht-B1, Rht-D1, Ppd-B1 CNV and Ppd-D1 revealed that none of these four loci involved in wheat phenology showed a pleiotropic effect on winter hardiness. This is in contrast to Bentley et al. (2014) who observed an association of Ppd-D1 and suggests that such pleiotropic effects are strongly dependent on the population and on how and when the different abiotic stresses that contribute to winter damage act on the plants. The genome-wide association scan identified several significantly associated markers, most of them located on chromosome 5A. This chromosome is known to harbor important loci for frost tolerance and winter hardiness, as both Vrn-A1 and Fr-A2 are located on this chromosome (Galiba et al., 2009) . The Fr-A2 locus is likely located in the chromosomal region at~112 cM, as it shows a perfect correlation with a marker mapped at 111.7 cM, while Vrn-A1 was found to be located at approximately 170 cM. Additional support for Fr-A2 being located in this chromosomal region comes from marker D2277317 (association P value 3.8e-4), which mapped at 111.7 cM and was found in the Triticum monococcum BAC 60J11 harboring the Fr-A (a) Box plots showing winter damage in plants carrying different alleles at the identified major QTL at the Fr-A2 locus (haploblock of the two KASP markers S1862541 and S1298957, the marker S1051014, as well as combinations thereof).
(b) Cross-validated prediction ability of markerassisted selection (MAS) based on these three KASP markers targeting Fr-A2, ridge-regression BLUP (RR-BLUP) as genome-wide approach, or a RR-BLUP in which the three KASP markers were included as fixed effects (fRR-BLUP).
locus. This marker is physically located 21.9 kb proximal of CBF-A15, the central gene in the central Fr-A2 cluster. The highest proportion of genotypic variance was explained by the Fr-A2 region (Table 1) . While we cannot unambiguously separate the effects of CNV at the three CBF genes, our results nevertheless suggest CBF-A14 CNV as the causal polymorphism. Zhu et al. (2014) showed that CNV of CBF-A14 was associated with the 'S/T' haplotype, with a higher average copy number and a higher expression of the gene in the 'T' haplotype. The authors concluded that a critical component of the two haplotypes is a change in CBF-A14 copy number relative to the other genes at this locus, however this was not supported by our results. The tight association of CBF-A14 CNV and the two haplotypes did not permit them to distinguish which of the two polymorphisms caused the observed differences in frost tolerance. Collectively, our results confirm the on average higher copy number in the 'T' haplotype, but due to the lower P value and the higher proportion of explained genotypic variance suggest CNV, probably of CBF-A14, rather than the SNPs underlying the 'S' and 'T' haplotypes as the causal polymorphism.
Surprisingly, after correcting for collinearity by a joint fit in a linear model, CBF-A14 CNV and two markers remained, which in addition to the 24.3% of CBF-A14 explained 5.1 and 10.2% of the genotypic variance and are located at 96.7 and 115.5 cM, respectively (Table 1) . This raises several possible interpretations. The two markers could both represent individual, novel QTL surrounding Fr-A2; this appears rather unlikely given the well-established role of the Fr-A2 locus in frost tolerance. Alternatively, the observed effects on winter hardiness stem from the Fr-A2 locus, but not only from CBF CNV or the polymorphisms of the 'S/T' haplotypes. This suggests additional, as yet undiscovered causal polymorphism(s) in Fr-A2 underlying part of the phenotypic variation observed in the panel of European winter wheat. Even though the CBF copy number and the marker distinguishing the 'S/T' haplotypes are located within Fr-A2, they do not have to be in high LD with the other causal polymorphism. Consequently, other markers in this chromosomal region, being in high LD with this additional causal polymorphism, could capture its effect and are identified as significantly associated with the trait. In order to identify this possible additional causal polymorphism, we sequenced the three CBF genes from the central cluster, CBF-A14, CBF-A15 and CBF-A12, which have been reported to play a critical role in frost tolerance (Knox et al., 2008; Pearce et al., 2013; Zhu et al., 2014) . However, apart from the reported polymorphisms characteristic for the 'S' and 'T' haplotype, no additional polymorphisms were identified, suggesting that the causal polymorphism might be in one of the other CBF genes located in this cluster or in their regulatory regions. Consequently, the identification of this assumed additional causal polymorphism in the 650 kb large Fr-A2 locus (Miller et al., 2006) requires further work at the molecular level.
Assuming the variation explained by CBF-A14 and the two markers stems from Fr-A2, our results indicate a contribution of this locus of approximately 40% to the genotypic variance of winter hardiness. This is in line with findings from Zhu et al. (2014) who found that Fr-A2 ('S' and 'T' haplotype) and Vrn-A1 CNV could explain 32% of the phenotypic variance of frost tolerance. Furthermore, the Fr-A2 locus has recently been identified as the major QTL underlying frost tolerance in durum wheat, explaining approximately 90% of the genotypic variance, with the causal polymorphism most likely being CNV of CBF-A14 (Sieber et al., 2016). It must be noted however that the trait evaluated here was winter hardiness, which is a combination of frost tolerance and tolerance to other factors. Consequently, Fr-A2 likely contributes more than 40% to the variation of frost tolerance in winter wheat. Utilizing the established KASP markers, this locus therefore appears as a promising target for a marker-assisted selection for frost tolerance in wheat (Figure 3) .
In addition to the major effect of Fr-A2, we found a much smaller contribution of Vrn-A1 CNV, explaining 2.9% of the genotypic variance. This is in agreement with the results reported by Zhu et al. (2014) who showed that the differences in frost tolerance were rather caused by differences in Vrn-A1 copy number than by SNP variation in this gene. However, in contrast to Zhu et al. (2014) , we observed no significant interaction between CNV at Vrn-A1 and the 'S/T' haplotype at Fr-A2, which may be due to the composition of the winter wheat panel. Zhao et al. (2013) have recently performed association mapping for frost tolerance in Central European elite winter wheat and reported a possible smaller contribution of the Vrn-A1 locus, whereas no QTL was identified in the Fr-A2 region, either due to fixation in this panel or lack of markers in LD with the locus. However, a major QTL explaining approximately 13% of the genotypic variance was identified on chromosome 5B. The markers identifying this QTL were not in LD with either Vrn-B1 or Fr-B2 suggesting that it may be a yet undescribed frost tolerance locus. However, in light of the results presented here, these markers may also have identified a polymorphism in the candidate genes not covered by the employed markers.
As no other major QTL were identified, our results suggest that the genetic architecture of winter hardiness in European winter wheat varieties comprises mainly the Fr-A2 locus and in addition Vrn-A1 and other small-effect QTL, as well as potentially a small contribution of epistatic QTL (W€ urschum et al., 2013) . Consistently, a genome-wide prediction approach that enables to also capture QTL with small effects (Heffner et al., 2009) , which escape detection in QTL mapping, yielded a substantially higher predictive ability as the prediction based on only the identified major effect QTL (Figure 3b ). Consistent with a previous simulation study (Bernardo, 2014) , we found that the predictive ability was highest when marker for the major QTL were included in the model as fixed effects. Notably, marker profiles are often available in breeding programs anyhow, and our results illustrate the potential to utilize them also for the prediction of winter hardiness. This will allow to become less dependent on phenotypic data from field trials, as their quality strongly varies between years, mainly due to the variable occurrence of frost stress.
Geographic patterns of winter hardiness QTL alleles in Europe
The observed geographic patterns of winter hardiness within Europe were mirrored by geographic differences in the frequencies of the winter hardiness conferring alleles at the identified QTL (Figure 2 ). The varieties from Poland, which were the most winter hardy, also had the highest frequencies of the winter hardiness alleles, whereas these alleles were least frequent in the varieties from Great Britain and France. This indicates that these loci are already targeted by selection for winter hardiness. In varieties from other countries, as for example Germany, the winter hardiness conferring alleles are not yet fixed, which further supports the potential of marker-assisted selection to improve this trait. Vrn-A1 CNV (D ıaz et al., 2012; _ Zmie nko et al., 2014) has recently been shown to exhibit worldwide geographic patterns suggesting its role in adaptation (W€ urschum et al., 2015a) . This is supported by our results showing the contribution of Vrn-A1 copy number to the genotypic variation of winter hardiness. As for the Fr-A2 and Vrn-A1 loci, the geographic pattern is unlikely to have arisen by chance and suggests that CNV at both loci is a target of selection, facilitating adaptation to the different winter conditions in Europe.
CONCLUSIONS
In this study, we investigated the genetic architecture of winter hardiness in European winter wheat. Our results revealed the Fr-A2 locus as a major contributor of winter hardiness. CNV of CBF-A14 has a strong effect, but additional as yet unknown polymorphisms also appear to contribute to variation attributable to this locus. Furthermore, our results illustrate how a multiallelic polymorphism can be captured by biallelic markers. In breeding programs this important trait might be improved by marker-assisted selection based on the established markers or by genomewide prediction approaches, if genome-wide marker profiles are available.
EXPERIMENTAL PROCEDURES Plant materials and field experiments
In total, 407 soft winter wheat (Triticum aestivum L.) lines were used for this study as described previously (File S1) (Langer et al., 2014; W€ urschum et al., 2015b Boeven et al., 2016a) . Genotypes were European varieties released during the past decades mainly in Austria, Czech Republic, Denmark, Eastern Europe, France, Germany, Poland, Russia, Turkey and the United Kingdom. The experiment was conducted in the 2011/2012 growing season at one location in a partially replicated design with a replication rate of 1.27 per location (Williams et al., 2011) . Entries were sown in observation plots of two rows and 1.25 m length. The appearance of the plants was scored at the beginning (November) and at the end of winter (beginning of April) on a scale between 1 (no damage) to 9 (maximum damage). Winter hardiness was derived as the difference between both scores, i.e. the worsening of the score during winter. For all lines the Best Linear Unbiased Estimates (BLUEs) were determined (Data S1). The variance components were determined in a random model and the heritability was estimated following the approach described by Piepho and M€ ohring (2007) . All mixed-model calculations were performed using the software ASReml-R 3.0 (Gilmour et al., 2009 ).
Molecular markers and data analysis
All lines were genotyped by GBS at Diversity Arrays Technology (Yarralumla, Australia) using the Wheat GBS 1.0 assay. Markers with more than 25% missing values and those with a minor allele frequency smaller 0.05 were removed resulting in a total of 23 371 markers for which a map position was available (Li et al., 2015) and that were used for the analyses. The CloneIDs of the silico DArT markers were given a 'D' and that of the SNP markers a 'S' prefix.
For the candidate gene approach, all lines were genotyped for alleles at Vrn-A1 (Yan et al., 2004) , Vrn-B1 (Chu et al., 2011) , Vrn-B3 (Yan et al., 2006) , Vrn-D1 (Fu et al., 2005) , vrn-A1 (J, K) (Eagles et al., 2011) , Fr-A2 haplotypes 'S' and 'T' at CBF-A15 (Zhu et al., 2014) , and Fr-B2 wild-type or deletion (Pearce et al., 2013) . CNV of Vrn-A1, CBF-A12, CBF-A14, and CBF-A15 was assessed as described previously (W€ urschum et al., 2015a) (Data S1). Protocols to determine the allelic state at the Reduced height-1 loci, Rht-B1 and Rht-D1, were reported by Ellis et al. (2002) . Ppd-B1 CNV was assessed as described previously (W€ urschum et al., 2015a) using a modified protocol of D ıaz et al. (2012) and genotyping of Ppd-D1 followed the protocols described by Beales et al. (2007) .
Three SNP markers located in the Fr-A2 region, S1862541, S1298957, and S1051014, were converted into KASP markers (http:// www.lgcgroup.com/kasp/). The KASP assay for marker S1862541 comprised of the FAM-tailed primer (5 0 -FAM-tail-CAGCT-CACCTCGCCTCTGAG-3 0 ) for the frost susceptible allele, the HEX tailed primer (5 0 -HEX-tail-CAGCTCACCTCGCCTCTGAC-3 0 ) for the frost tolerant allele and the common primer (5 0 -TGAATTCATGGT-CAGCTCGGTCGAA-3 0 ), the assay for marker S1298957 of the FAMtailed primer (5 0 -FAM-tail-CAGCTGGATATTTCCCCGCTC-3 0 ) for the frost susceptible allele, the HEX tailed primer (5 0 -HEX-tail-GCAGCTGGATATTTCCCCGCTT-3 0 ) for the frost tolerant allele and the common primer (5 0 -CCACATCTTGTGGGTTAATTGCGGTT-3 0 ), and the assay for S1051014 comprised of the FAM-tailed primer (5 0 -FAM-tail-AGCATTTCAGGATGCAAAGGCATC-3 0 ) for the frost susceptible allele, the HEX tailed primer (5 0 -HEX-tail-AGCATTTCAG-GATGCAAAGGCATG-3 0 ) for the frost tolerant allele and the common primer (5 0 -GTAGAAGCAAATTTCGTGGTGAGCGTT-3 0 ). All three KASP assays were run using the standard KASP PCR conditions (https://www.lgcgroup.com/LGCGroup/media/PDFs/Products/ Genotyping/KASP-thermal-cycling-conditions-all-protocols.pdf/). (Yu et al., 2006; W€ urschum, 2012; Langer et al., 2014; W€ urschum and Kraft, 2014) . For the detection of main effect QTL, a genome-wide scan for marker-trait associations was conducted. To control for multiple testing, we followed the suggestion of Kraakman et al. (2004) and tested at a false discovery rate (FDR) of 0.20 (Benjamini and Hochberg, 1995) . The two-dimensional epistasis scan was done based on 2594 equally spaced markers including the detected main effect QTL. For the significance level for the epistatic QTL we used an a-level of 0.001 and followed the suggestion of Holland et al. (2002) dividing the a-level by the number of possible independent pairwise interactions between chromosome regions, assuming two separate regions per chromosome (P < 1.2e-6). The circular plots illustrating the epistatic interactions were created with Circos (Krzywinski et al., 2009) .
Association mapping and genomic prediction
The total proportion of genotypic variance (p G ) explained by the detected QTL was calculated by fitting all QTL and the segregating candidate genes simultaneously in a linear model. The ratio p G = R 2 adj /h 2 , where R 2 adj refers to the adjusted R 2 from the linear model and h 2 to the heritability of the trait, yielded the proportion of genotypic variance (Utz et al., 2000) . The p G values of individual QTL were accordingly derived from the sums of squares of the candidate genes and the QTL (SS QTL ) in this linear model. The allele substitution (a) effects were derived as the regression coefficient from models with only the marker under consideration.
For the genome-wide prediction approach, missing marker data were imputed with LinkImpute (Money et al., 2015) . Genomic prediction was done by ridge-regression BLUP with the R package 'rrBLUP' (Endelman, 2011; Endelman and Jannink 2012) , employing fivefold cross-validation with 1000 runs. In addition, we performed a genome-wide prediction including the three developed KASP markers as fixed effects (Bernardo, 2014; Zhao et al., 2014; Boeven et al., 2016b; Spindel et al., 2016) . The predictive ability of marker-assisted prediction based on the three KASP markers and the two genomic prediction approaches was estimated as Pearson's correlation coefficient between the observed and the predicted trait values.
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